Objective: To investigate electrical and mechanical properties of single myocytes isolated from different regions of the left ventricle in control and hypertrophied hearts. Methods: Mild cardiac hypertrophy was induced in guinea-pigs by aortic constriction. Myocytes were isolated from basal sub-endocardial, basal mid-myocardial and apical sub-epicardial layers of the left ventricle. Action potentials were stimulated at 1 Hz. Membrane currents were measured using the switch-clamp technique. Cell shortening was measured using a Ž . photodiode array. Results: In control hearts mean action potential duration APD was longer in sub-endocardial myocytes than in sub-epicardial myocytes. In hypertrophy APD was prolonged in sub-epicardial and mid-myocardial myocytes and unchanged in Ž sub-endocardial myocytes APD ms, control: sub-endocardial 273 " 12, mid-myocardial 254 " 14, sub-epicardial 229 " 9; hypertro-90 . phy: sub-endocardial 259 " 13, mid-myocardial 291 " 9, sub-epicardial 268 " 11, P -0.05, ANOVA . There was no significant regional Ž . difference in APD in hypertrophied hearts. In control hearts L-type calcium current I was similar in all regions. In hypertrophy I Ca Ca was increased in sub-epicardial and mid-myocardial myocytes and reduced in sub-endocardial myocytes. Calcium-activated tail currents were not regionally different in control or hypertrophied hearts, but were increased in hypertrophy. Conclusions: Changes in electrical and mechanical properties associated with hypertrophy are not homogeneous throughout the left ventricle. The difference in APD between sub-endocardial and sub-epicardial myocytes seen in control hearts is lost in hypertrophy. These results may favour the propagation of re-entry arrhythmias in hypertrophied hearts. q 1997 Elsevier Science B.V.
Introduction
Ž . Action potential duration APD is prolonged in sub-endocardial myocytes compared with sub-epicardial myw x w x ocytes isolated from the hearts of dog 1,2 , cat 3 , rabbit w x w x w x 4 , human 5,6 , and rat 7, 8 . Each of these species displays an early repolarization phase in the ventricular action potential which is attributable to transient outward Ž . current I . The difference in APD between sub-endocarto dial and sub-epicardial myocytes may in part be accounted for by a greater density of I in sub-epicardial compared w x w x 11 and in single cell preparations 12 . We have recently shown that regional differences in APD in normal guineapig myocytes may be attributed in part to differences in sodium-calcium exchange current and in delayed rectifier Ž . w x current I 12 . Differences in I and the background K K
Ž . rectifier current I
between sub-endocardial and sub-ep-K1 w x icardial myocytes have been demonstrated in cat 13 but w x w x not dog 14 or rat 8 .
Although prolongation of APD is the most consistent electrophysiological change observed in cardiac hypertro-Ž w x. phy for a review, see Hart 19 , few studies have addressed the question of whether APD prolongation in hypertrophy is uniform throughout the left ventricle. Using the Goldblatt model of hypertension in the rat, Keung and Ž . Aronson 1981 showed that APD was prolonged in myocardium from the endocardial surface, but only the second half of the action potential was prolonged in epicardial w x w x muscle 15 . Benitah et al. 16 have reported significant differences in I density in myocytes isolated from septo w x tum, left ventricular free wall, and apex in rat hearts 16 , and they demonstrated that regional differences in I were to w x reduced in hypertrophy 16 . To our knowledge, no reports exist on the regional distribution of the properties of other membrane currents in hypertrophied myocytes from any species.
We have chosen to use a model of mild, pressure-overload hypertrophy in the guinea-pig which has previously been characterized, and which displays major prolongation w x of APD 10 . The aim of this study was to find out whether or not such changes are uniform within the left ventricle. norm , 1 ml P kg , and ketamine 5 mg P kg , both administered as intramuscular injections. A midline abdominal incision was made. The abdominal aorta immediately distal to both renal arteries was isolated and con-Ž . stricted by placement of a silver clip 0.5 mm diameter .
Methods

Model of hypertrophy
Ž . Papaverine 0.15 mg was infused locally to reduce vasospasm and heparin 500 U was given to prevent thrombus formation. The incision was closed in two layers with silk sutures. Sham-operated animals were treated in the same way but no clip was placed. At the time of isolation there were no overt signs of heart failure: i.e., there were no pleural or pericardial effusions, no ascites and the animals were not cyanosed.
Cell isolation
Single myocytes were isolated from three discrete regions of the left ventricular free wall using a standard enzymatic dispersion technique as described previously w x 10 . The animals were humanely killed by cervical dislocation. Animals weighing more than 1 kg were killed using pentobarbitone sodium, 200 mg P kg y1 . The heart was Ž quickly removed and placed in warm Tyrode solution for . composition, see below before the aorta was cannulated on a Langendorff apparatus and the heart perfused for 4 min with a nominally Ca 2q -free solution. The solution was changed to an enzyme-containing solution for a further 5 min before the heart was removed. The left ventricular free wall was dissected free. Tissue samples were isolated using careful dissection with fine scissors from a sub-epicardial layer at the apex, from a sub-endocardial layer at the base, and from a deeper mid-myocardial layer at the base. The three tissue samples were then placed in separate Ž flasks containing fresh enzyme solution with no protease . added . Cells were harvested after further 5 and 10 min digestion periods, and were washed twice in Tyrode soluy1 Ž . tion containing 5 mg P ml bovine serum albumin Sigma . Myocytes were finally re-suspended in Dulbecco's modified Eagle medium supplemented with 2 mg P ml y1 Ule Ž . traser G Gibco BRL, Paisley, Scotland . The myocyte suspension was stored at 20 " 18C and cells were used within 12 h of isolation.
Electrophysiological techniques
For electrophysiological recordings myocytes were layered onto the floor of a perfusion chamber situated on the Ž . stage of an inverted microscope Diaphot, Nikon, UK . Ž Cells were superfused with a Tyrode solution for compo-. sition, see below at a flow rate of 1-2 ml P min at 35 " 18C. Micropipettes were fabricated from borosilicate Ž capillary tubing GC200TF-15, Clarke Electromedical In-. struments, Pangbourne, UK and pulled on a vertical puller Ž . Narishige, Japan . Membrane voltage and current were Ž measured using the voltage-clamp technique Axoclamp-. 2A, Axon Instruments, USA in conjunction with high-re-Ž sistance microelectrodes 15-20 M V when filled with 2 . M KCl . Cell length was monitored using a photodiode Ž . array system S-series, Reticon, USA as described previw x ously 17 , with a temporal resolution of approximately 4 Ž . ms. Analog signals current, voltage, and cell length were Ž digitized by a 12-bit analog-to-digital converter CED . 1401, Cambridge Electronic Design, UK and stored online to computer for subsequent off-line analysis.
Experimental protocols
Action potentials were elicited in current-clamp mode by a 1 ms injection of current at a frequency of 1 Hz. The current level was adjusted to approximately 50% above threshold. Action potential duration was measured at 10, Ž 50 and 90% repolarisation levels APD , APD , and 10 
50
. APD , respectively . Calcium-activated tail currents were 90 obtained by interrupting the action potential 100 ms after depolarisation, by voltage-clamping back to the resting w x membrane potential 18 . L-type calcium current was elicited by 300 ms step depolarisations from a holding potential of y45 mV to test potentials ranging from y60 to q100 mV. Steady-state activation curves were obtained by calculating the relative chord conductance for each cell from the current-voltage relationship, and steady-state inactivation curves were constructed by plotting relative current amplitude obtained using a standard double-pulse protocol. Cell membrane capacitance was measured using w x a voltage ramp protocol 10 . 11.1; HEPES 5; pH 7.4 with NaOH.
Statistics
Data are expressed as mean " s.e.m. and n indicates the number of cells used in each group. Five pairs of animals were used and data were collected from approximately equal numbers of cells per region from each animal. The Kolmogorov-Smirnov Goodness of Fit test was used to verify a normal distribution for all parameters. In order to assess the influence of both hypertrophy and region on action potential characteristics, data from all 6 groups were Ž initially analysed with two-way analysis of variance 2-way . ANOVA using hypertrophy and region as factors. A significant interaction between the two factors shows that the effects of hypertrophy are different in the different regions and therefore regional differences should be assessed separately in control and hypertrophied hearts. One-Ž . way analysis of variance 1-way ANOVA was then used to assess regional differences in the properties of myocytes isolated from either control or hypertrophied hearts. Multiple comparisons between the individual groups were then made using either Student-Newman-Keuls post-hoc analysis or Student's unpaired t-test. Statistical significance was assessed at the 0.05 level.
Results
Animals were sacrificed 157 " 2 days post-operation at which time the heart weight to body weight ratio was 11% greater in the clipped group compared to the sham group Ž of animals mean for the sham group was 3.09 " 0.11 mg P kg y1 , clipped group 3.44 " 0.08 mg P kg y1 , n s 5, . P -0.05, t-test . There was no difference in the lung Ž weight to body weight ratio sham group 5.6 " 0.4 mg P y1 y1
. kg , clipped group 5.5 " 0.3 mg P kg , n s 5, n.s. or Ž liver weight to body weight ratio sham group 34.8 " 2.3 mg P kg y1 , clipped group 35.3 " 3.2 mg P kg y1 , n s 5, . n.s. . Fig. 1 shows representative action potentials, at 1 Hz, from sub-endocardial and sub-epicardial myocytes isolated from control and hypertrophied hearts. The control records show that APD of the sub-endocardial myocyte is considerably longer than that of the sub-epicardial myocyte, as w x expected from previous work 11,12 . However, the action potentials recorded from the hypertrophied myocytes are closely similar in duration. Mean data for action potential characteristics are summarised in Table 1 . Table 1 shows mean data for action potential characteristics of myocytes isolated from both control and hypertrophied hearts. In control hearts there are significant differences in mean APD between sub-endocardial, mid-Ž myocardial and sub-epicardial myocytes P -0.05, 1-way . ANOVA . Mean APD of sub-endocardial myocytes is 90 longer than the APD of mid-myocardial and sub-epicar-90 dial myocytes by 7.5 and 19%, respectively. However, in hypertrophied hearts the regional differences in APD are smaller, and mean APD is not significantly different 90 between each of the three regions studied. Fig. 2 illustrates the effects of hypertrophy on representative action potentials recorded from each of the three regions studied. Hypertrophy prolongs APD in sub-epicardial and mid-myocardial myocytes, but no prolongation can be seen in the sub-endocardial action potential. Mean Ž . data Table 1 confirm that APD at 10, 50 and 90% repolarisation levels are prolonged in sub-epicardial and Ž . mid-myocardial myocytes P -0.05, t-test in hypertrophy and that APD of endocardial myocytes is reduced by 90 Ž . 6% not significant . Changes in APD associated with hypertrophy are significantly different in the three regions Ž studied P -0.05, interaction between region and hyper-. trophy, 2-way ANOVA .
Action potential configuration
We shall now compare more fully the differences in APD between the regions in control hearts with the differ-Ž . ences in hypertrophy see Fig. 1 . In normal hearts there is a difference in mean APD of 44 ms between sub-endo-90 Ž cardial and sub-epicardial myocytes P -0.05, 1-way . ANOVA ; in hypertrophy the difference is reduced to only Ž . y9 ms n.s. . In control hearts the difference in mean APD between sub-endocardial and mid-myocardial is 19 90 ms, in hypertrophy this difference in mean APD is 90 increased, and opposite in direction being y32 ms. The difference in mean APD between sub-epicardial and 90 Ž mid-myocardial myocytes is similar in both control y25 . Ž . ms and hypertrophied y23 ms hearts.
Hypertrophy is associated with different changes in action potential amplitude in the three regions studied Ž P -0.01, interaction between region and hypertrophy, . 2-way ANOVA . In hypertrophy action potential ampli-Ž tude is increased by 6 mV in both sub-epicardial P -0.05, . Ž . t -test and mid-myocardial P -0.05, t-test myocytes, and is not significantly different in sub-endocardial myocytes. The change in action potential amplitude may be attributed to changes in the peak of the action potential as the resting potential was similar in all three regions and was unchanged in hypertrophy.
Voltage-clamp experiments
Cell membrane capacitance
Cell membrane capacitance was estimated under voltage-clamp conditions using a ramp protocol and mean data are shown in Table 2 . The mid-myocardial myocytes have significantly greater mean capacitance than the other two groups. Hypertrophy is associated with an increase in cell Ž capacitance in all three groups P -0.001, 2-way . ANOVA . Cell membrane capacitance was increased by 14% in sub-endocardial, by 18% in sub-epicardial, and by 23% in mid-myocardial myocytes. In control hearts the difference in cell membrane capacitance between the three Ž regions is not statistically different P s 0.2, 1-way . ANOVA . However, in hypertrophied hearts regional dif- ferences in cell membrane capacitance reach significance Ž . P -0.01, 1-way ANOVA ; the capacitance of midmyocardial myocytes is larger than that of the other two regions.
L-type calcium current
An increase in L-type calcium current may be partly responsible for the prolongation of action potential duraw x tion in this model of hypertrophy 10 . Fig. 3 shows representative current records taken from individual subendocardial, sub-epicardial and mid-myocardial myocytes isolated from control and hypertrophied hearts. L-type calcium current was elicited by a 300 ms step depolarisation to 0 mV from a holding potential of y45 mV. The Ž . holding current density measured at y45 mV was simi-Ž lar in control cells from each region sub-endocardial 2.3 " 0.2 pA P pF y1 , n s 23; mid-myocardial 2.1 " 0.2 pA P pF y1 , n s 26; sub-epicardial 2.1 " 0.5 pA P pF y1 , n s . Ž 26 and unchanged in hypertrophy sub-endocardial 2.2 " 0.1 pA P pF y1 , n s 24; mid-myocardial 2.6 " 0.2 pA P y1 y1
. pF , n s 24; sub-epicardial 2.4 " 0.2 pA P pF , n s 24 . Table 2 shows that peak current amplitude is the same in Ž the control cells from each region P s 0.5, 1-way . ANOVA . Hypertrophy is associated with significantly different changes in peak current amplitude in the three Ž regions P -0.05, interaction between region and hyper-. trophy, 2-way ANOVA . Mean data show that peak cur-Ž rent is increased by 26% in sub-epicardial P -0.01, . Ž t -test and by 32% mid-myocardial myocytes P -0.001, . t-test , but peak current amplitude is unchanged in sub-endocardial myocytes. As a consequence of these differential changes in peak inward current there is a significant difference in peak inward current between the three re-Ž . gions in hypertrophied hearts P -0.01, 1-way ANOVA .
Hypertrophy is associated with different changes in current density in sub-endocardial and sub-epicardial my- Fig. 3 . Changes in L-type calcium current associated with hypertrophy. Representative calcium current records taken from individual myocytes isolated Ž . from control or hypertrophied marked with filled symbol hearts. I was elicited by a step depolarisation to 0 mV from a holding potential of y45 mV.
Ca
Peak inward current of control myocytes is indicated with a rightward pointing arrow and of hypertrophied hearts by a leftward pointing arrow. Isochronal current density, measured at 290 ms after depolarisation, is similar in control myocytes from the three regions. In hypertrophy isochronal current density is Ž . increased in sub-epicardial by 111%, P -0.05, t-test and Ž . in mid-myocardial myocytes by 50%, P -0.05, t-test , but is unchanged in sub-endocardial myocytes.
Ž . Fig. 4 shows mean steady-state activation d and Ž . inactivation f curves for I . In control animals there is Ca a regional difference in the half-activation potential, which is unchanged in hypertrophy. The inactivation curves are not significantly different between regions in either control or hypertrophy groups, but the hypertrophy group shows a small shift in the half-inactivation potential to less negative potentials.
Calcium-actiÕated tail currents
An inward calcium-activated tail current attributable to Na q -Ca 2q exchange can be elicited by repolarisation back to the resting potential part way through an action potential w x 18 . We found no regional difference the exchange tail Ž current density in control hearts sub-endocardial y2.2 " 0.2 pA P pF y1 , n s 15; mid-myocardial y1.9 " 0.2 pA P pF y1 , n s 16; sub-epicardial y1.9 " 0.2 pA P pF y1 , n s . 10 . In hypertrophy tail current density was increased by a Ž similar amount in all regions P -0.002, 2-way ANOVA, mean control current density for all regions y2.0 " 0.2 pA P pF y1 , n s 41; hypertrophy y2.5 " 0.1 pA P pF y1 , n . s 66 .
Unloaded cell shortening
Fig. 5 displays mean data for various characteristics of unloaded cell shortening in the regional groups of myocytes. Resting cell length is significantly lower in sub-endocardial myocytes in both control and hypertrophy groups, Ž compared with the other regions P -0.01, 2-way . ANOVA . However, there is no significant regional difference in either relative shortening amplitude, time to peak Ž . contraction, or time to 10% relaxation TR of cell 10 shortening elicited in response to action potentials at 1 Hz. Hypertrophy is associated with a significant slowing of Ž time to peak contraction and of relaxation time P -0.02 . for hypertrophy, P s n.s. for region, 2-way ANOVA , but there is no change in the peak amplitude of unloaded cell shortening. Averaging the data across the regional groups gives the following results: peak cell shortening was 10.2 Ž . Ž . "0.5% n s 73 in control, 10.5 " 0.5% n s 75, n.s. in hypertrophy; time to peak contraction was 151 " 4 ms Ž . Ž . ns73 in control, 167 " 5 ms ns75 in hypertrophy Ž . Ž . P -0.01, t-test ; TR was 36 " 1 ms ns73 in con-
Peak cell shortening measured simultaneously with the calcium-activated tail current showed no regional varia- Fig. 4 . Mean steady-state activation dA and inactivation f A curves for sub-endocardial circles, dotted lines , sub-epicardial squares, dashed lines Ž . Ž . Ž . and mid-myocardial triangles, solid lines myocytes, isolated from control open symbols and hypertrophied closed symbols hearts. Data are expressed as mean"s.e.m. and were obtained by fitting the data from each individual cell to a Boltzmann function. The plotted curves were fitted the mean data Ž . points. The potential at which half-activation occurs is significantly dependent on region of origin of the myocytes p-0.05, 2-way ANOVA but not Ž . Ž . Ž . altered in hypertrophy control: endo y20.6"0.6 mV ns 22 , epi y21.4"0.7 mV ns 26 and mid y22.9"0.7 mV ns 26 ; hypertrophy: endo Ž . Ž . Ž . y 19.5"0.6 mV ns 23 , epi y20.9"0.7 mV ns 23 and mid y22.1"0.6 mV ns 25 . The potential at which half-inactivation is observed is Ž . Ž . Ž . significantly shifted to the right in hypertrophy p-0.05, 2-way ANOVA control: endo y20.8"0.5 mV ns 24 , epi y21.6"0.5 mV ns 24 and Ž . Ž . Ž . Ž . mid y22.7"0.6 mV ns 26 ; hypertrophy: endo y20.5"0.4 mV ns 23 , epi y20.3"0.3 mV ns 25 and mid y20.9"0.4 mV ns 23 . For clarity, data from control and hypertrophied hearts have been separated. Ž . Peak amplitude of cell shortening normalised to resting cell length was similar in all regions and not altered in hypertrophy. Time to peak contraction is similar in all regions although there was a tendency for cell shortening to be slower in sub-endocardial myocytes in control hearts. Hypertrophy is associated with a significant prolongation of time to peak Ž . Ž . contraction P -0.05, 2-way ANOVA . Time to 10% relaxation TR 10 Ž is similar in all regions and slowed in hypertrophy P -0.05, 2-way . ANOVA . Changes in cell shortening characteristics are more pronounced in sub-epicardial and mid-myocardial myocytes than in sub-endocardial myocytes. Ž tion, and was increased by 33% in hypertrophy control 4.65 " 0.5%, n s 41; hypertrophy 6.19 " 0.5%, n s 66; P -0.03 for hypertrophy, P s n.s. for region, 2-way . ANOVA .
Discussion
Prolongation of action potential duration is the most consistently recognised electrophysiological change in carw x diac hypertrophy 19 . This study shows that APD prolongation is not uniform in all regions of the left ventricular free wall, and that endocardial myocytes show no prolongation of the action potential in hypertrophy. The regional differences in action potential characteristics observed in control hearts are altered in hypertrophy.
Regional differences in action potential characteristics in hypertrophy
These data confirm the presence of significant regional w x differences in APD in normal guinea-pig hearts 11,12 and w x in common with other species 1,3-8,20 , APD of sub-endocardial myocytes is longer than that of sub-epicardial myocytes. The effects of hypertrophy were surprisingly different in the regional samples. The expected prolongation of APD was found in sub-epicardial and mid-myocardial myocytes, but the mean APD of sub-endocardial myocytes was reduced, although this change does not reach statistical significance. This is the first time that differential regional changes in APD in response to hypertrophy have been reported in the guinea-pig. Although the changes in APD are different in sub-endocardial and subepicardial myocytes, the increase in cell capacity is similar in both regions. Mid-myocardial myocytes show a greater increase in cell capacity with hypertrophy but a similar prolongation of APD to the sub-epicardial group. Therefore the differential changes in APD cannot be accounted for by the relative degree of hypertrophy in each region, as measured by a change in cell capacity.
The effects of hypertrophy on action potential amplitude varied between the regions, an increase in AP amplitude being detected in sub-epicardial and mid-myocardial myocytes and a small decrease in sub-endocardial myocytes. There were parallel changes in early repolarisation, in that APD was significantly prolonged in sub-epicar-10 dial and mid-myocardial myocytes and slightly reduced in the sub-endocardial group. These results may possibly be attributed in part to the small increase in I density in the Ca sub-epicardial and mid-myocardial myocytes, and the small decrease in I density in the sub-endocardial myocytes. In Ca view of the minor changes in I it is possible that Ca differential changes in Na q current properties may be more important in the regional changes in the early part of the action potentials.
Regional differences in membrane currents
Calcium current has been reported to be similar in sub-endocardial and sub-epicardial myocytes isolated from w x the normal rat heart 8 and we show here that I density Ca is similar in the three regions in both control and hypertrophied guinea-pig hearts. Previous work has shown an increase in I density and a q11.5 mV shift in its Ca half-inactivation potential in a similar model of hypertrow x phy 10 . The smaller changes in I density and gating Ca variables observed in the present experiments may be due to the region of origin of myocytes or to the imposition of greater aortic constriction producing a greater stimulus to w x hypertrophy 19 . Since these changes in I properties are Ca small, they are unlikely to account for the changes in APD in hypertrophy.
The increase in late, isochronal current observed in sub-epicardial and mid-myocardial myocytes may contribute to prolongation of the plateau phase of the action potential and further experiments are required to establish the ionic nature of this current change, which is not observed in sub-endocardial myocytes. Under these experimental conditions, a component of the isochronal current may be due to I . Previous work has shown significant K Downloaded from https://academic.oup.com/cardiovascres/article-abstract/35/2/315/460731 by guest on 11 March 2019 ( )w x regional differences in I in normal guinea-pig 21 and K w x cat 13 hearts. These regional differences in I may be K altered in hypertrophy and thereby contribute to the differential changes in APD.
Several studies have shown increased current density Ž w x. Ž w x. q e.g., 10 and protein expression e.g., 22 of the NaCa 2q exchanger in hypertrophy. In normal hearts there is no regional difference in amplitude of calcium-activated q 2q w x tail currents attributable to Na -Ca exchange 18 . In hypertrophy exchange current density is increased by a Ž . similar amount 24% in all three regions. An increase in Na q -Ca 2q exchange current may in part underlie the prow x longation of APD 10 observed in sub-epicardial and mid-myocardial myocytes. However, this current change would be expected to prolong APD in sub-endocardial myocytes and other mechanisms: for example, an increase in I , must operate to obviate APD prolongation in this K group.
Regional differences in cell shortening
Regional differences in myocyte contraction have not been extensively studied in normal hearts. Peak amplitude of cell shortening has been found to be greater in sub-enw x docardial than in sub-epicardial myocytes in the rat 8 and w x guinea-pig 12 , but cell shortening is similar in these w x regions in the rabbit 23 . In this study we have found no regional difference in peak unloaded cell shortening Ž . elicited by an action potential at 1 Hz in myocytes from control or hypertrophied hearts. The lack of any alteration in peak shortening amplitude in hypertrophy correlates with the absence of major changes in calcium current density in these experiments. Prolongation of time to peak contraction and of relaxation have been described previw x ously in hypertrophy 24-27 .
Altered repolarisation sequence and arrhythmogenesis in hypertrophied hearts
Cardiac hypertrophy is associated with a higher incidence of arrhythmias and an increase in sudden death. In normal hearts the longer action potential of basal sub-endocardial myocytes ensures that the topographical sequence of repolarisation is the reverse of depolarisation w x 28-30 . In hypertrophy, however, heterogenous changes in APD may result in major alterations in the sequence of repolarisation. It has been suggested that the longer APD of sub-endocardial myocytes may help prevent re-entry. In hypertrophy, APD is longer in mid-myocardial cells than in sub-endocardial, and the possibility of re-entry arrhythmias may therefore be increased. Furthermore, equalisation of steep gradients in APD across the left ventricular wall in hypertrophy may provide an electrically more favourable environment for the maintenance of spiral waves of depolarisation, which have been suggested to underlie polymorw x phic tachycardias and ventricular fibrillation 31 .
